Neurodegenerative patients show often severe everyday decision making problems. Currently it is however not clear which brain atrophy regions are implicated in such decision making problems. We investigated the atrophy correlates of gambling decision making in a sample of 63 participants, including two neurodegenerative conditions (behavioural variant frontotemporal dementia -bvFTD; Alzheimer's disease -AD) as well as healthy age-matched controls. All participants were tested on the Iowa Gambling Task (IGT) and the behavioural IGT results were covaried against the T1 MRI scans of all participants to identify brain atrophy regions implicated in gambling decision making deficits. Our results showed a large variability in IGT performance for all groups with both patient groups performing especially poor on the task. Importantly, bvFTD and AD groups did not differ significantly on the behavioural performance of the IGT. However, by contrast, the atrophy gambling decision making correlates differed between bvFTD and AD, with bvFTD showing more frontal atrophy and AD showing more parietal and temporal atrophy being implicated in decision making deficits, indicating that both patient groups fail the task on different levels. Frontal (frontopolar, anterior cingulate) and parietal (retrosplenial) cortex atrophy covaried with poor performance on the IGT. Taken together, the atrophy correlates of gambling decision making show that such deficits can occur due to a failure of different neural structures, which will inform future diagnostics and treatment options to alleviate these severe everyday problems in neurodegenerative patients.
Introduction
Behavioural variant frontotemporal dementia (bvFTD) is one of the most common early onset dementias (Ratnavalli et al., 2002) with characteristic changes in behaviour and personality, such as ritualized activity, loss of empathy and social inappropriateness (Kipps et al., 2009; Rascovsky et al., 2011) . These changes have been mostly attributed to atrophy in the prefrontal cortex and in particular the ventromedial prefrontal cortex (VMPFC), although other cortical and subcortical regions are also affected in bvFTD, including insula, temporal lobes, basal ganglia and thalamus (Kril and Halliday, 2004; Chow et al., 2008) . The VMPFC has received in particular attention in bvFTD, as it is one of the first regions to be affected in the disease (Seeley, 2008) and has been attributed to a range of symptoms, including disinhibition (Peters et al., 2006; Hornberger et al., 2011a) and apathy (Zamboni et al., 2008) .
Indeed, symptoms of VMPFC dysfunction can lead to severe impairment in everyday decisions, including financial mismanagement and pathological gambling (Manes et al., 2011) . Surprisingly, however, the relationship of the VMPFC dysfunction with decision making processes in bvFTD has been rarely explored so far. One reason is that to date very few established and validated decision making tests exist, with the Iowa Gambling Task (IGT) being the most commonly employed ambiguous decision making test (Gleichgerrcht et al., 2010) .
The Iowa Gambling Task (IGT), a computer-administered test, allows assessment of financial decision making skills in a fairly realistic setting. The task involves choosing cards from four decks of cards labelled A, B, C and D. Every card is associated with a net reward or loss of play money. Participants complete 100 trials and are asked to try and maximise the net amount of money earned. Choosing a card from deck A or B results in a large immediate reward every time, but rewards are followed by additional large losses at infrequent intervals. Cards from decks C and D, on the other hand, are less risky. These cards lead to smaller immediate rewards, but the infrequent losses incurred are much less severe than the ones associated with cards from decks A and B. In the long term, selecting cards from decks A and B results in a net loss of money, whereas consistently choosing cards from decks C and D results in a net gain. Importantly, decisions in such a setting are made under ambiguity, i.e. the risk of the decision made is unknown to the participants as they do not know the risks associated with each deck at the beginning of the task.
Performance on the IGT has been shown to be very sensitive towards dysfunction in VMPFC regions. For example, focal lesion VMPFC patients show severely impaired performance on the IGT (Bechara et al., 1999 (Bechara et al., , 2000 . The somatic marker hypothesis (SMH) proposes that rewards gained or punishments incurred during the IGT result in different conscious or nonconscious somatic states. The VMPFC integrates the conflicting somatic state information associated with a specific deck of cards. If the final somatic state associated with a specific deck is positive, a person is more likely to choose a card from that deck than when the final somatic state is negative. According to the SMH, damage to the VMPFC leads to defective emotional processing, resulting in impaired decision making behaviour due to insensitivity to the future consequences of choices (Bechara et al., 2000) . Thus, patients suffering from VMPFC damage would be exclusively guided by immediate prospects. Nevertheless, the VMPFC has also been implicated in response inhibition (Hornberger et al., 2011b) and set-shifting (Fellows and Farah, 2005) which are strongly associated with decision making processes (Marschner et al., 2005; Sinz et al., 2008) . Poor IGT performance might thus reflect an inability to inhibit or shift previously rewarded behaviour, since in the ten first trials of this test, disadvantageous decks of cards are associated with larger rewards than advantageous ones. This suggests that failure on the IGT can be explained by several processes and not exclusively the SMH (Fellows and Farah, 2005) . This notion is further supported by functional neuroimaging studies showing involvement of diverse cortical and subcortical brain regions in IGT decision making processes, including the orbitofrontal cortex (OFC), dorsolateral prefrontal cortex, parietal cortex, cingulate, striatum, amygdala and hippocampus (Ernst et al., 2002) . In addition, lesion studies including patients with damage restricted to the dorsolateral prefrontal cortex also show impaired IGT performance comparable to VMPFC patients (Manes et al., 2002; Fellows and Farah, 2005) .
The sensitivity of the IGT to VMPFC dysfunction has large implications for its use in bvFTD, as the IGT is so far the most commonly used decision making test of VMPFC dysfunction in these patients (Gleichgerrcht et al., 2010) . Overall, very few studies have looked at IGT performance in groups of bvFTD patients. These studies found that bvFTD patients prefer cards from disadvantageous decks (Nakaaki et al., 2007; Torralva et al., 2007) and risky decision making behaviour on the IGT has even been shown in mild bvFTD patients with otherwise unaffected executive functioning (Manes et al., 2010 (Manes et al., , 2011 . The sensitivity of the IGT in the detection of cognitive dysfunction in bvFTD patients has prompted suggestions to use the test as a diagnostic tool (Gleichgerrcht et al., 2010) . Still, the neural correlates of IGT performance in bvFTD and whether it taps into the patients VMPFC dysfunction directly have so far not been explored.
This study set out to explore the grey matter atrophy correlates of IGT performance in a group of bvFTD patients. Based on the previous evidence we predicted that bvFTD patients would show impaired IGT performance. We further hypothesised that ventromedial prefrontal cortex atrophy would be closely related to IGT performance. Nevertheless, we also assumed that other cortical and subcortical regions would correlate with the IGT scores, replicating previous functional neuroimaging findings. Finally, we contrasted the IGT performance and neural correlates of the bvFTD group to healthy controls as well as AD patients. Our prediction was that controls would show intact IGT performance. AD patients' performance was more difficult to predict. Only two studies so far have looked at IGT performance in AD patients and their results have been mixed (Sinz et al., 2008; Torralva et al., 2000) . However, we assumed that AD patients would perform better than bvFTD patients on the task, as VMPFC atrophy is less likely to be present in AD than bvFTD patients.
Materials and methods

Case selection
Sixty-three participants were selected from the FRONTIER database resulting in a sample of 18 bvFTD, 17 AD patients and 28 age and education matched controls. All bvFTD patients met current consensus criteria for FTD (Neary et al., 1998; Rascovsky et al., 2007) with insidious onset, decline in social behaviour and personal conduct, emotional blunting and loss of insight. In light of the recent recognition of the phenocopy syndrome (Hornberger et al., 2008 (Hornberger et al., , 2009 ) only bvFTD patients with evidence of clear decline as reported by the caregivers and atrophy on MRI scans were included in the study. All AD patients met NINCDS-ADRDA diagnostic criteria (McKhann et al., 1984) for probable AD (see Table 1 for demographic details). Age-and education-matched healthy controls were selected from a healthy volunteer panel or were spouses/ carers of patients.
All participants underwent general cognitive screening using the Addenbrooke's Cognitive Examination (ACE-R) (Mathuranath et al., 2000; Mioshi et al., 2006) to determine their overall cognitive functioning. The ACE-R results in a score out of 100, and includes subsections in attention, memory, language and visuo-perception. In addition, the Hayling test of inhibitory dysfunction (Burgess and Shallice, 1997) was administered in order to determine inhibitory control. The frontotemporal dementia rating scale (FRS) (Mioshi et al., 2010) was used to determine the disease severity in bvFTD and AD patients. The Cambridge Behavioural Inventory (CBI) was used as a behavioural disturbance measure with higher scores indicating more behavioural disturbance as reported by the family or carer.
Iowa Gambling Task
Patients and controls participated in the Iowa Gambling Task (Bechara et al., 2000) . This computer-administered task involves making a choice between four decks of cards A, B, C and D each trial. In total, 100 trials are completed by each examinee. The trials are typically divided into five blocks of twenty cards. Participants start with a balance of $2000 and are asked to try and maximize the net reward earned during the gambling task. (If the amount of money lost exceeds the initial credit of $2000, participants have to borrow an additional amount of $2000). Selecting cards from deck A or B results in large immediate rewards, but some cards are associated with an additional large penalty. In deck A, the frequency of penalties increases after each block of cards, but the average amount of money lost per penalty stays the same. In deck B, the frequency of penalties does not change, but the amount of money lost per penalty increases. Consistently choosing cards from either deck A or deck B results in a total net loss of $3750 after 100 trials. Thus, a long-term strategy of choosing cards from deck A or B is disadvantageous and very risky. Decks C and D, on the other hand, are more conservative. Cards from deck C or D are associated with small immediate rewards. Some cards result in an additional penalty, which is much less severe than the penalties associated with cards from deck A or B. Just as in deck A, the frequency, but not the amount of punishments increases after every block of cards in deck C. Just as in deck B, the amount, but not the frequency of punishments increases after every block of cards in deck D. In contrast to decks A and B, however, each block of cards from decks C and D results in a net gain of money. Therefore, participants who persist in choosing cards from these decks end up with a net balance of $1875 after the last trial. Selecting cards from deck C or D is therefore an advantageous long-term strategy (Bechara et al., 2000) .
We recorded the total number of cards chosen from each of the four decks. In addition to that, we calculated the commonly used block net score ((C + D) − (A+ B)) (Torralva et al., 2007) for each of the five blocks by subtracting the number of disadvantageous choices (deck A + B) from the number of advantageous choices (C+ D). An original total net score for each group was calculated by adding up block net scores. It has been suggested that the number of cards chosen from deck B and C is not as indicative of impaired decision making as the number of cards chosen from decks A and D (Bechara et al., 1994) . In fact, in a number of studies, healthy subjects have been shown to prefer the disadvantageous deck B over the advantageous deck C or D (see Discussion). For this reason, we also calculated a modified total net score (deck D − A), only based on the two most distinct card decks. Positive scores for both original and modified net score indicate a dominance of advantageous deck choices, while negative scores indicate a dominance of disadvantageous deck choices.
Behavioural analysis
Data were analyzed using SPSS17.0 (SPSS Inc., Chicago, Ill., USA). Parametric demographic (age, education), neuropsychological (Iowa Gambling Task, general cognitive tests), disease severity (FRS) and behavioural (CBI) data were compared across the three groups (bvFTD, AD and controls) via one-way ANOVAs followed by Tukey post-hoc tests. A chi-squared test was used to check for significant differences in gender across all groups. In addition, a mixed factorial ANOVA (with the trial as a repeated measures factor and the diagnosis as a between subjects factor) was carried out to analyse IGT block net score data. Another mixed factorial ANOVA with performance on the IGT as an additional between subjects factor was carried out in order to compare AD and bvFTD patients who did well on the IGT with those who did not do well.
Imaging acquisition and voxel-based morphometry (VBM) analysis
All patient and controls underwent the same imaging protocol with whole-brain T1-weighted images using a 3T Philips MRI scanner with standard quadrature head coil (8 channels). The 3D T1-weighted sequences were acquired as follows: coronal orientation, matrix 256 × 256, 200 slices, 1 × 1 mm 2 in-plane resolution, slice thickness 1 mm, and TE/TR =2.6/5.8 ms. All scans were then visually checked for field inhomogeneity distortions and corrected for eddy current distortions. 3D T1-weighted sequences were analyzed with FSL-VBM, a voxel-based morphometry analysis (Ashburner and Friston, 2000; Good et al., 2001) which is part of the FSL software package http:// www.fmrib.ox.ac.uk/fsl/fslvbm/index.html (Smith et al., 2004) . First, tissue segmentation was carried out using FMRIB's Automatic Segmentation Tool (FAST) (Zhang et al., 2001 ) from brain extracted images. The resulting grey matter partial volume maps were then aligned to the Montreal Neurological Institute standard space (MNI152) using the nonlinear registration approach using FNIRT (Andersson et al., 2007a (Andersson et al., , 2007b , which uses a b-spline representation of the registration warp field (Rueckert et al., 1999) . The registered partial volume maps were then modulated (to correct for local expansion or contraction) by dividing them by the Jacobian of the warp field. The modulated images were then smoothed with an isotropic Gaussian kernel with a standard deviation of 3 mm (FWHM: 8 mm). Finally, a voxelwise general linear model (GLM) was applied and permutation-based non-parametric testing was used to form clusters with the Threshold-Free Cluster Enhancement (TFCE) method (Smith and Nichols, 2009) . Group comparisons and covariate analysis of the Hayling test score were tested for significance at p b 0.05, corrected for multiple comparisons via Family-wise Error correction across space, whereas the remaining covariate analyses were conducted at a significance level of p b 0.01, False Discovery Rate (FDR) corrected and a cluster threshold of 50 contiguous voxels for all significant atrophy clusters. The general cognitive measure (ACE-R) was entered as a covariate in the analysis to account for general cognitive impairment.
Results
Demographics and global cognitive functioning
Demographics and general cognitive scores can be seen in Table 1 . Participant groups did not differ in terms of age (p > .1) and education (p > .05). However, there was a significant difference in gender distribution across the three groups (p b 0.01), with the patient groups (bvFTD, AD) having more male participants than the controls. The patient groups differed significantly in disease severity (Total FRS Corrected: p b 0.05) with bvFTD patients being more impaired.
For the cognitive screening test (ACE-R), both patient groups were significantly impaired in comparison to controls (p b .001) but did not differ from each other (p > .1). On the behavioural scores, bvFTD and AD patients showed significantly more behavioural disturbances than age-matched controls (p's b .001), with the bvFTD patients even significantly worse than the AD patients (p b .001).
For both Hayling scores (AB errors & overall scores) there was a significant group effect, with post-hoc analyses showing that both patient groups were impaired compared to controls (p's b .05). However, bvFTD and AD only differed significantly on the AB error score (pb .05) with bvFTD making overall more errors.
Iowa Gambling Task
In a first step, we analysed the original total net score for all participant groups (bvFTD, AD and controls), which did not differ significantly across groups (p >.1). Interestingly, however, controls achieved significantly higher modified total net scores than bvFTD (p b 0.01) and AD (p b 0.05) patients. Modified total net scores did not differ between patient groups (Table 1) . Further analysis, investigating how many times cards were chosen from each deck (Table 1) showed that participant groups did not differ significantly for decks B (p >.1) and C (p > .1). However, controls chose significantly more cards from deck D (p b 0.01) and significantly less cards from deck A (p b 0.01) than AD and bvFTD patients.
As evident from Fig. 1 , net scores increased from trials 1-80 for both controls and ADs, but decreased during the last 20 trials (trials 81-100). The net score of bvFTD's increased during trials 1-60, stayed stable for trials 61-80 and decreased for the final trials (81-100). Analysis for the block net scores showed only a significant difference between control and patient between trials 41-60, but not in any of the other trial blocks. A mixed factorial ANOVA analysis showed that there was no significant interaction between trial blocks and group (p > .1). There was only a statistical trend for a main effect of diagnosis (p = 0.089), and a main effect of trial block (p b 0.01).
As evident from Fig. 1 and Table 1 , patients' performance was very variable for each trial block, as indicated by the large standard deviations. We split therefore the patients into low (n =16) vs. high (n=19) performers based on the group mean. The results (Fig. 4A ) showed that the high performing bvFTD and AD patients performed nearly at control level on the IGT, while the poor performing patients were very impaired. Not surprisingly, this results in a significant interaction between trial block vs. performance (high vs. low) (pb .05). Importantly, bvFTD and AD patients did not differ from each other for high vs. low performance respectively.
VBMcorrelations with IGT
In a first step we entered IGT scores as covariates in the design matrix of the VBM analysis. We used uncorrected significance levels of p b 0.001 and a cluster threshold of 50 contiguous voxels for all significant atrophy clusters. As a first covariate we employed the original total net IGT score. For all participants combined, the original total net score correlated with atrophy in several prefrontal cortex regions including the orbitofrontal cortex, frontal pole and dorsolateral prefrontal cortex ( Fig. 2A , Table 4 ). Furthermore, atrophy in the temporal cortex, parietal cortex, occipital cortex, cerebellum and hippocampus also correlated with the original total net score. In a second analysis, we used the modified total net score as a covariate in the VBM analysis ( Fig. 2B , Table 4 ). Regions of atrophy correlated with the modified total net score overlapped with regions of atrophy related to the original total net score. Interestingly, however, more widespread regions of atrophy were correlated with the modified total net score than with the original total net score. Compared to the original total net score, the modified total net score correlated with additional cortical regions, such as the anterior cingulate and subcortical regions, including the amygdala and the nucleus accumbens (Fig. 2B, Table 4 ). As the modified total net score seems to be a more sensitive measure, we decided to use the modified total net score in a VBM analysis of bvFTD and AD patients, separately. In bvFTD patients, the modified total net score correlated with atrophy in the prefrontal cortex, occipital cortex and cerebellum. AD patients' modified total net scores, on the other hand, correlated with atrophy in the parietal and temporal cortex ( Fig. 3 , Table 3 ). A similar analysis of the original total score did not reveal any significant results for bvFTD and AD separately.
Finally, a comparison of high and low performing patients showed significantly more atrophy in the lateral orbitofrontal cortex, frontal poles, cingulate and precuneous cortex for patients who did not do well on the IGT (Fig. 4B, Table 2 ). Separate analyses for bvFTD and AD did not reveal any significant results for bad vs. good IGT performers.
VBMcomparison of Hayling and IGT atrophy covariate regions
In a final analysis, we explored whether atrophy covariates of the modified net score of the IGT overlapped with the atrophy covariates on a commonly used disinhibition test, the Hayling test of inhibitory dysfunction. As expected, ventromedial atrophy, including orbitofrontal cortex as well as anterior cingulate correlated with the Hayling score ( Fig. 5, blue areas) . Atrophy patterns showed some overlap between the disinhibition and decision making measures. Nevertheless, some regions within the ventromedial prefrontal cortex correlated with the modified total net score, but not with the Hayling test score (Fig. 5 ).
Discussion
Our results show that participants' performance on the IGT was highly variable, with some patients performing well, while others were severely impaired. Imaging analysis showed that poor performance on the IGT is related to atrophy in several cortical and subcortical brain regions, in particular frontal brain regions. Different atrophy patterns were associated with impaired decision making behaviour in AD and bvFTD patients. Surprisingly, although the control group showed a higher IGT performance than both patient groups, this trend did not reach significance.
Previous studies in bvFTD patients showed a clear preference for disadvantageous decks on the IGT (Manes et al., 2010 (Manes et al., , 2011 Torralva et al., 2007) . Studies looking at IGT performance in AD patients yielded more mixed results. Sinz et al. (2008) showed that AD patients neither demonstrated a preference for disadvantageous nor advantageous decks, switching frequently between decks. On the other hand, Torralva et al. (2000) found that AD patients showed a slight preference for disadvantageous decks. In keeping with these findings, we found that both AD and bvFTD patients showed poor decision making behaviour on the IGT. Although patients' performance was clearly impaired, AD patients showed an increasing preference for advantageous decks throughout the task and bvFTD patients also demonstrated a preference for advantageous decks towards the end of the task, resulting in a positive net score (Fig. 1) , which contrasts with the findings of previous studies outlined above. To our knowledge, this study is the first to contrast AD and bvFTD patients' performance on the IGT directly, which revealed no significant performance differences between the patient groups. Furthermore, in contrast to previous studies, we did not find a significant difference between the performance of patients and controls. Interestingly, there was great individual variability of the performance among each group of participants, with a proportion of controls seemingly impaired on the task, while some patients performed well, which could explain why the patient groups did not differ for most of the IGT scores from the controls. Importantly, there are numerous previous reports of great variability in risk taking behaviour on the IGT observed in neurologically healthy individuals, showing that IGT performance can depend on trait anxiety (Miu et al., 2008) , emotionality (Peters and Slovic, 2000) , education level (Evans et al., 2004) as well as conscious awareness of task rules (Maia and McClelland, 2004) . For example, Denburg and colleagues found that only between 37.5% and 52.5% of healthy elderly participants showed a clear preference for advantageous over disadvantageous decks of cards on the IGT. Premature prefrontal cortex ageing and pre-clinical forms of degenerative disease have been offered as possible explanations for these variable results in healthy controls (Denburg et al., 2005 (Denburg et al., , 2006 . However, unlike our patients, the controls in our sample did not show impairment on the Hayling Test, which taps into similar cortical regions as the IGT (Hornberger et al., 2011a) and did not show behavioural dysfunction on the behavioural questionnaire (CBI). Thus, it seems unlikely that premature prefrontal cortex ageing and pre-clinical forms of degenerative disease explain poor IGT performance in our study.
There is also increasing evidence to suggest that decision making behaviour in neurologically healthy participants may not primarily be guided by the advantageousness or disadvantageousness of a deck of cards, as proposed by SMH, but rather by its frequency of gains and losses. Decks B and D are associated with a high ratio of wins to losses, whereas gains are less frequent in decks A and C. Studies have shown that most healthy participants prefer the disadvantageous, high-frequency-gain deck B to the advantageous low-frequency-gain deck C (Caroselli et al., 2006; Lin et al., 2007; Wilder et al., 1998) . Similarly, participants can show a clear preference for the disadvantageous high-frequency-gain deck B over the advantageous high-frequency-gain deck D (Caroselli et al., 2006) . These results suggest that many healthy decision makers apply a "win-stay, lose-shift" strategy on the IGT (Lin et al., 2007) and that their behaviour is not driven only by long-term outcomes expectancies.
Considering these findings, it is not surprising that the total number of card selections from decks B and C was similar in our patients and controls. In our study, controls chose significantly fewer cards from deck A and significantly more cards from deck D than patients, indicating better decision making. It is questionable whether the resulting difference in net scores, which did not reach significance, adequately reflects differences in decision-making behaviour between control and patient groups. For this reason, we used not only the original total net score in our analysis, but also a modified version of total net score, which compares the number of cards chosen from deck D with the number of cards chosen from deck A. Using the modified total net score, results revealed significant differences between control participants and patient groups, although the difference between AD and bvFTD patients remained not significant. Notably, the modified net score seemed to be the most sensitive measure of impairment. Crucially, since AD and bvFTD patients' performance did not differ, our results call into question the validity of the IGT as a diagnostic test for bvFTD. A similar complex picture emerged from our imaging analyses. Regions of atrophy associated with the original total net score and modified total net score were very similar. We found that IGT performance covaried with atrophy in numerous regions, including the orbitofrontal and dorsolateral prefrontal cortex, frontal pole, cingulate, parietal and temporal cortex, cerebellum, putamen, amygdala and hippocampus. These findings dovetail with results of functional neuroimaging studies showing that there are activations in multiple cortical and subcortical brain regions during IGT performance (Ernst et al., 2002; Bolla et al., 2004; Lin et al., 2008) . Importantly, in keeping with affective theories of decision-making, such as the SMH, atrophy in the orbitofrontal cortex and amygdala correlated with IGT scores. The amygdala (Gupta et al., 2011) and the orbitofrontal cortex (Rangel and Hare, 2010) are likely to play a vital role in the emotional appraisal of different decks of cards, guiding decision making. In addition, atrophy in the orbitofrontal cortex is associated with disinhibited behaviour (Hornberger et al., 2011b) , which has been suggested as a possible cause for poor IGT performance. In order to find out if, and to what extent, response inhibition Fig. 4. A) shows the behavioural performance of high vs. low bvFTD and AD performers for the total IGT net score across trials; B) Voxel-based morphometry analyses showing grey matter atrophy for poor versus good performers on the IGT. Clusters are overlaid on the MNI standard brain (t > 2.41). Coloured voxels show regions that were significant in the analyses for pb 0.01 FDR corrected and a cluster threshold of 50 contiguous voxels. Fig. 3 . Voxel-based morphometry analyses showing grey matter atrophy covarying with the modified IGT net score for A) bvFTD and B) AD. Clusters are overlaid on the MNI standard brain (t>2.41). Coloured voxels show regions that were significant in the analyses for pb 0.01 FDR corrected and a cluster threshold of 50 contiguous voxels. deficits might influence IGT performance, we projected regions of atrophy associated with the Hayling test score onto regions of atrophy associated with the modified net score (Fig. 5 ). Only parts of these brain regions overlapped, indicating that disinhibited behaviour does not fully account for poor IGT performance.
Other prefrontal regions were also involved in the performance of the IGT, in particular frontopolar, dorsolateral prefrontal cortex and anterior cingulate regions. Overall, the role of the frontopolar cortex is still little understood. However, there is evidence to suggest that the frontopolar cortex affects exploratory behaviour in ambiguous decision making tasks (Daw et al., 2006) , which would explain its involvement in the IGT. In addition, the frontal pole region seems to be involved in the processing of goal-tree sequences, allowing individuals to keep in mind specific goals while processing subgoals or responding to new environmental demands (Koechlin et al., 1999) . A similar function is usually attributed to the dorsolateral prefrontal cortex, which has been implicated in working memory tasks (Goldman-Rakic, 1992) . A comparison of participants who performed well on the IGT with those who did not revealed significant differences in damage to the prefrontal cortex, including the anterior cingulate. The anterior cingulate seems to be involved in reinforcement-guided action selection, mediating between previous experience and voluntary choice (Rushworth et al., 2007; Sul et al., 2010) .
Although the IGT is more seen as a prefrontal cortex dependent task, other atrophy regions also correlate with IGT performance. Neither on a behavioural, nor on a neural level do our results therefore support the assumption that the IGT specifically taps into VMPFC dysfunction. For example, poor performance on the IGT was also associated with atrophy in the parietal cortex. It is currently not clear why the parietal cortex is involved in this task. However, the parietal cortex, similar to the prefrontal cortex, is involved in a multitude of functions that could affect IGT performance, such as attentional processes (Le et al., 1998; Perry and Zeki, 2000; Wojciulik and Kanwisher, 1999) , response inhibition (de Zubicaray et al., 2000; Garavan et al., 1999) , working memory (LaBar et al., 1999) , task switching (Sohn et al., 2000) , numerical comparisons (Pesenti et al., 2000) and the coding of probability (Platt and Glimcher, 1999) . Interestingly, the parietal cortex and in particular the posterior cingulate have been implicated in episodic memory processes (Daselaar et al., 2003; Desgranges et al., 1998) , which could explain why they were implicated in the IGT performance. Behavioural studies suggest that explicit knowledge of the task rules is important to perform on the task (Gupta et al., 2009; Gutbrod et al., 2006; Maia and McClelland, 2004) and therefore remembering which decks are advantageous and which are not. Thus, impairment of episodic memory processes should affect performance on the IGT, which is in particular relevant for the AD patient group, which shows substantial episodic memory impairment. Along these lines, temporal lobe atrophy, including hippocampal atrophy, was also significantly associated with IGT performance. This ties in nicely with previous findings showing that hippocampal atrophy is associated with explicit knowledge of task rule (Giovagnoli et al., 2001) . In addition, the putamen has been implicated in rule-based task learning (Ell et al., 2006) . These findings are in keeping with reports suggesting involvement of the declarative memory system in complex decision making tasks like the IGT (Gupta et al., 2009) .
More surprising was the fact that cerebellar atrophy was also associated with the IGT task performance. Just like the anterior cingulate, the cerebellum has been implicated in error based learning (Doya, 2000) . Although the cerebellum has mainly been associated with motor functions, there is evidence to suggest that damage to the cerebellum also adversely affects error based learning in cognitive tasks (Fiez et al., 1992) as well as more general cognitive processes (Baumann and Mattingley, 2012) . Thus, it is possible that cerebellar atrophy impacts on cognitive control processes during the IGT. Alternatively, correlation of cerebellar atrophy with IGT performance might simply reflect the Fig. 5 . Voxel-based morphometry analyses showing grey matter atrophy covarying with the AB error score on the Hayling test of inhibitory function (blue) and the modified IGT net score (orange-yellow). Clusters are overlaid on the MNI standard brain (t>2.41). Coloured voxels show regions that were significant in the analyses for pb 0.01 FDR corrected and a cluster threshold of 50 contiguous voxels. task's hand-eye coordination demands, which have not been systematically investigated in neurodegenerative conditions such as bvFTD and AD.
Interestingly, separate analyses of atrophy regions associated with IGT performance in AD and bvFTD patients suggest that decision making impairment results from damage to different brain regions in the two patient groups. In bvFTD patients, performance improvement was related to atrophy in prefrontal cortex regions, occipital cortex and cerebellum, whereas AD patients' performance improvement was associated with atrophy in the parietal and temporal cortex. These results suggest that there are different underlying reasons for poor IGT performance in AD and bvFTD patients.
Taken together, the behavioural results of our study call into question the specificity, though not the sensitivity of the IGT as a diagnostic test to discriminate neurodegeneration conditions. Our imaging results corroborate this notion by showing that multiple brain regions involved in multiple operations are involved in the IGT performance. Crucially, some of the regions are more commonly affected in bvFTD (OFC), while others are more commonly impaired in AD (precuneous). Thus, employment of the IGT as a test to discriminate these two conditions on VMPFC dysfunction is questionable and there is an urgent need for more specific VMPFC diagnostic tests in the future.
